Introduction

40
A fundamental challenge facing scientists and resource managers alike is grounding predictions 41 of climate change and its consequences in specific landscapes and at scales useful for resource 42
planning. This challenge is particularly acute for predictions of water abundance and scarcity, as 43 both the climatic and landscape controls on water availability are typically at a finer scale than 44 representations in the current class of climate and hydrologic models. Resource managers are 45 tasked to plan for an uncertain future by assessing vulnerabilities and sensitivities of different 46 landscapes to change. What strategy should they follow? 47
One way to assess streamflow vulnerability to changing climate is via a "top-down" approach, 48 which generally involves coupling General Circulation Models (GCMs) with hydrologic models 49 that predict regional streamflow (e.g. Nash States underscores the importance of both climatic and geologic controls on streamflow response 69 to climate change (Safeeq et al., 2013) . Accordingly, approaches that capture both climate and 70 geologic controls are needed to identify landscape level streamflow vulnerability to changing 71 climate. This is particularly critical in the PNW, where local climate, topography and geology 72 combine to dictate hydrologic regimes. 73
In the PNW, seasonal asynchrony between winter and spring precipitation and runoff and 74 summer water demand makes summer water supplies scarce and vulnerable (Jaeger et al., 2013) . 75 Climate change will intensify this water scarcity by reducing summer streamflows (Safeeq et al., 76 2013) . Declines have the potential to be acute, due to a combination of observed and predicted 77 shifts in precipitation phase from snow to rain, earlier onset and faster rates of snowmelt, and consumptive water use, hydropower, and aquatic biota, including the region's prized and 83 declining salmon populations. 84
We present a complementary "bottom-up" approach, focusing on the PNW. Our methodology 85 rests on the analytical framework of Tague and Grant (2009) that characterizes relative summer 86 streamflow sensitivity. Using a rigorous definition of summer streamflow sensitivity as function 87 of the first derivatives of the relationship between discharge and either the timing or magnitude 88 of recharge, we develop a spatial analysis that characterizes summer streamflow sensitivity at a 89 landscape scale. Relationships between observed climate and streamflows at specific gaged 90 locations in diverse hydrogeologic areas are used to extend the sensitivity relationships to 91 ungaged areas and map sensitivity for the entire study region. The uniqueness and strength of 92 this approach is that it is independent of climate change scenarios. Sensitivity is mapped as an 93 intrinsic property of the landscape as interpreted using the average historical climate and other 94 landscape properties, rather than as a response to future climate change alone. 95
This sensitivity assessment can then be integrated with climate scenario data to produce regional-96 scale summer streamflow vulnerability maps. We present an example of how this type of spatial 97
analysis might be applied to National Forest lands in the Pacific Northwest. Land and water 98 managers can tune this type of assessment to their specific needs in order to identify and 99 prioritize actions to adapt to uncertain and potentially challenging future conditions. 100
Study Location
101
This analysis encompasses Oregon (OR) and Washington (WA) in the northwestern United 102
States (US) with a population of nearly 10.5 million (US Census Bureau, 2010). The elevation 103 varies from sea level to over 4300 m at Mount Rainier, with the north-south trending mountains 104 of the Cascade Range dividing the western and eastern portions of the states (Fig. 1a) . The study 105 region is devided into thirteen physiographic sections (Fig. 1b) based on common topography, 106 rock type,structure, and geomorphic history (Fenneman and Johnson, 1946) . The maritime 107 climate is highly influenced by the Pacific Ocean and varies with elevation and distance from the 108 coast (Fig. 1b, 1c ). Long-term average precipitation ranges from 150 mm in the Columbia Valley 109 on the eastside of the Cascades to ~7000 mm in the Olympic Mountains (Daly et al., 2008, Fig. 110 1c). Both OR and WA have extreme wet (winter) and dry (summer) seasons, but the seasonal 111 distribution of precipitation varies between the region's eastern and western halves. While most 112 of the annual precipitation occurs during fall and winter, more frequent summer thunderstorms in 113 the eastern half result in a slightly higher summer precipitation (Mass, 2008 ). An altitudinal 114 temperature gradient, varying by latitude (Fig. 1c) where, Q(t) is streamflow at time t (in days) from the beginning of the recession period, Q o is 148 streamflow at t=0, and k is a recession constant (Tallaksen, 1995 The response surfaces of ɛ Qo and ɛ t (Fig. 2) illustrate the interaction between t and k and how the 164 two sensitivities are expressed over the course of the streamflow recession. In groundwater 165 dominated systems with low values of k (e.g. High Cascades), ɛ Qo starts higher at the beginning
166
of the recession and shows a very subtle decline with increasing t (Fig. 2a) (Fig. 3) . In rain 200 dominated watersheds, the time lag between t R and t p is on average nine days for the first peak as 201 streamflow recovers from the long summer recession. This time lag between rainfall and 202 streamflow decreases to one or two days for the subsequent peaks (Fig. 3a, 3c have a minimum of 20 years of complete daily streamflow data within the water years 1950-227 2010. Since the majority of the streamflow gages were located in the western half of the study 228 area (Fig. 1a) , we added 12 additional non-reference, non-HCDN gages to the eastern side to 229 ensure a more uniform population of basins. These 12 gages were selected after visual 230 examination of the historic streamflow data records for homogeneity, and review of site 231 information, including hydrologic disturbance index (Falcone et al. 2010 ) to ensure there were 232 no major diversions or impoundments. The selected 227 watersheds were delineated using a 233 30 m resolution digital elevation model (DEM). 234
Recession analysis 235
Following Vogel and Kroll (1992) , an automated recession algorithm was employed to search 236 the historical record of daily streamflows for all recession segments lasting 10 days or longer. 237
Peak and end of recession segments were defined as when the 3-day moving average streamflow 238 began to recede and rise, respectively. The beginning of recession (inflection point) was 239 identified following the method of Arnold et al. (1995) . To minimize the effect of snowmelt on 240 k, and thereby derive estimates of k that were intrinsic to the geology of the watershed, we 241 excluded recession segments that fell between the onset of snowmelt-derived streamflow pulse 242
and 
where m is the total number of pairs of consecutive daily streamflow, Q t and Q t-1 ,at each site. 250
Among the 227 watersheds, the values of m varied between 24 and ~8000 (average ~3000). 251
Importance of k in characterizing the low flow behavior of streams has long been recognized but 252
there is a considerable debate on appropriate techniques for recession analysis (Tallaksen, 1995 (Vogel and Kroll, 1996) . To ensure 255 that our k estimates for the candidate sites are robust and were not influenced by our choice of 256 the technique for recession analysis, we recalculated k from the master recession curve generated 257 for each site using the matching strip method (Posavec et al., 2006) . We also calculated average 258 k from semi-logarithmic plots of individual recession segments lasting 10 days or longer during 259 non-snowmelt period as described earlier. The recession constant derived from the three methods 260
showed a strong correlation (R > 0.77, p<0.001). We used the recession constant k from Eq. (7) 261 in the sensitivity analysis. 262
Regression model development 263
We established a regression model for transferring k to the ungaged landscape. Average 264 watershed relief and slope were estimated from a 30-m DEM using the ArcGIS spatial analyst. . Outliers in the model parameters were identified based on Cook's distance 283 (Cook, 2000) and subsequently excluded from the regression analysis using the recommended 284 threshold of 4/n s -n i -1, where n s is the sample size and n i is the number of independent variables. 285
Non-significant (p ≥ 0.15) model parameters were then eliminated via backward stepwise 286 regression, until all remaining parameters were significant and the predictive power of the 287 equation (based on adjusted R 2 ) began to decline. This regression equation was developed 288
individually for OR and WA as well as the entire domain with both states combined (Table 1) . 289
The correlation matrix for the watershed parameters used for predicting k showed strong cross-290 correlation (as high as 0.72), particularly among K aqu , Slope, and K soil in OR. However, since 291 these variables are used to predict k and not to characterize their relationship with each other, the 292 cross-correlation and sign of the regression coefficients can be ignored. 293
The regression coefficients (R 2 ) for the three geographic domains (OR: Model 1a, WA: Model 294 1b, or OR and WA combined: Model 2) ranges between 0.44 for WA and 0.59 for OR (Table 1),  295 which are within the range of values reported elsewhere with a different set of independent 296
variables (e.g. Thomas et al., 2013) . The overall standard error of the estimate is low for the 297 fitted regressions, and modeled k is only slightly biased, over-predicting small values and under-298 predicting higher values of k (Fig. 4) . There is no clear spatial pattern of systematic bias based on 299 residuals, however (Fig. 4d) ≈ 0) and with ET ≈ 0 at the start of the recession. In the PNW, the peak recharge pulse during the 310 water year can be either rain or snowmelt, depending on geographic location. We assigned the 311 primary type of peak recharge pulse (rain or snowmelt) based on a temperature threshold and 312 snow to precipitation proportion. Following Jefferson (2011) and Nolin and Daly (2006) , a 313 winter temperature-based threshold of 0°C was chosen to approximate the boundary between the 314 transitional snow zone (TSZ) and rain zone, while −2°C was chosen to approximate the 315 boundary between the seasonal snow zone (SSZ) and TSZ. Following Knowles et al. (2006), we 316 define winter as beginning in November, rather than January, and only use wet-day minimum 317 temperatures, which showed a strong correlation with the snow to precipitation ratio. We defined 318 a wet-day as a day when daily precipitation is greater than zero. In addition, we used the 319 temperature threshold-based empirical relationship of Dai (2008) fraction of annual precipitation falling as snow. We classified the peak recharge pulse as rain for 322 the entire area within the identified rain zone and the portion of area in TSZ with a median snow 323 fraction <10%; the remaining TSZ and entire SSZ were classified as snowmelt recharge pulse 324 (Fig. 5b) . 325
A lack of spatially-distributed precipitation gauge and snowpack telemetry sites, particularly at 326 higher altitudes, precluded using empirical data to calculate recharge magnitude and timing. where, R is the daily precipitation (mm), M is the daily snowmelt (mm), and N is the length of 342 record (year). The corresponding timing t R and t M were calculated as the day of water year on 343 which I R and I M occurred. 344
The spatial distribution of recharge magnitude (I R and I M ) and timing (t R and t M ) show distinct 345 geographic contrasts between the eastern and western study domains (Fig. 6) climate sensitivity extracted from historical records of 217 (Fig. 1a) watersheds for the months of 373
July, August, and September. Our approach was to use streamflow response to historical climate 374 extremes as a proxy for streamflow sensitivity. Measures used included the: 1) change in 375 streamflow with respect to a change in annual precipitation between wet and dry periods; and 2) 376 change in streamflow with respect to a change in spring air temperature between cool and warm 377 periods. These two empirical measures of sensitivity were calculated as: 378 (10) 379 (11) 380
Average annual precipitation (P) for each watershed was used to identify the 5 years with the 381 lowest and highest precipitation as dry and wet periods, respectively. Similarly, the watershed 382 average of mean daily spring (April -June) temperature (T) was used to identify the 5 years with 383 the coolest and warmest springs. This approach is analogous to the precipitation and temperature 384 elasticity measure of streamflow sensitivity proposed by Schaake (1990) indicator of streamflow sensitivity to a change in magnitude and timing of recharge, respectively. 387
However, magnitude (I R and I M ) and timing (t R and t M ) are each affected by wet and dry periods 388 and cool and warm springs (Table 2) . Also, the effect of wet and dry climate on peak recharge 389 magnitude and timing differs for rain and snowmelt dominated systems. For example, during a 390 wet as compared to a dry period, t M shifts 16 days later whereas t R shifts 20 days earlier. 
Sensitivity Validation 398
Summer streamflow sensitivities derived from the conceptual framework are in agreement with 399 the climate sensitivity estimators calculated from historical data ( Table 2 ). The absolute 400 magnitudes of both empirical (ɛ p and ɛ T ) and conceptual (ɛ Qo and ɛ t ) measures of streamflow correlations between empirical and conceptual measures of streamflow sensitivities are not 408 surprising given the fact that changes in I M and t M between wet and dry periods were very small. 409 Similarly, between cool and warm periods I R and t R were relatively constant. So although we 410 used a total 217 watersheds for validation, not all of them were subjected to a change in 411 magnitude and timing of recharge between wet and dry or cool and warm periods. In fact, all of 412 the rain dominated watersheds had similar I R and t R between cool and warm periods. This 413 smaller change in I R and t R limits the range of our validation for rain dominated watersheds. 414
Sensitivity Analysis & Distribution 415
Streamflow sensitivities to a change in magnitude, ɛ Qo , are very similar during the first weeks 416
after peak recharge for all HUC units across the range of k values (Fig. 7a) . In groundwater 417 dominated HUCs, the ɛ Qo are mediated and show very sharp contrasts from runoff dominated
418
HUCs even after 110 days of recession. Since peak recharge I M occurs late during the year in 419 most of the low k HUCs (Fig. 6 ), these mediated sensitivities will be expressed throughout the 420 summer. In contrast, the sensitivities to a change in timing, ɛ t , are very different during the first 421 weeks after peak recharge across all HUC units (Fig. 7b) . Most of the HUCs with higher ɛ t (>0.5 422 mm/day) are in the rain dominated Coast Range (Fig. 1) where recharge magnitude (I R ) is higher 423 overall when compared to the snow dominated Cascades, Olympics, and other western parts of 424 OR and WA. However, in most of these coastal HUCs the peak recharge occurs early in the year 425 (Fig. 6 ), resulting in a long recession with lower sensitivities in the summer months. 426
Summer streamflow sensitivities to a change in the magnitude (ɛ Qo ) and timing (ɛ t ) of recharge at 427 the beginning of July, August, and September show several distinct patterns (Fig. 8) The influence of k becomes more important than peak recharge magnitude and timing as summer 445 proceeds. Thus, although the different regions display similar levels of sensitivity, the reasons for 446 this sensitivity vary by locale. In contrast, summer streamflow (i.e., July, August, and 447 September) in HUCs that receive recharge in the form of rain (e.g., Coast Range) and do not 448 have deep groundwater, are less sensitive to a change in the I R or t R compared to HUCs driven by 449 snowmelt recharge (e.g., High Cascade range and much of northern WA). This lower sensitivity 450 primarily results from peak rainfall occurring earlier in the year (Fig. 6 ), leading to a long 451 summer recession. A similar low sensitivity is observed in eastern OR, where peak snowmelt 452 occurs later in the year but the magnitude of recharge I M is small and there is very little deep 453 groundwater contribution to sustain the recession. 454
Over the entire study area, streamflow at the start of July is at least moderately sensitive (ɛ Qo and 455 ɛ t >0.001) to a change in peak recharge magnitude and timing in 49% and 27% of the area,
456
respectively. As the day of interest moves towards the start of September, the spatial extent of at 457 least moderately sensitive areas diminishes to 25% and 11% of the region for ɛ Qo and ɛ t ,
458
respectively. Within the individual states, streamflow at the start of July in OR is at least 459 moderately sensitive in 38% and 16% of the area as compared to 64% and 44% of the area in 460 WA, to a change in peak recharge magnitude and timing, respectively. Similarly, streamflow at 461 the start of September in OR is at least moderately sensitive in 15% and 6% of the area as 462 compared to 39% and 18% of the area in WA, to a change in peak recharge magnitude and 463 timing, respectively. 464
Summer Streamflow Vulnerability 465
This analysis yields a spatially-explicit prediction of the sensitivity of late summer streamflow to 466 climate change based on the convolution of geology, as represented by k, and recharge dynamics, 467 as represented by I R , I M , t R and t M (Fig. 8) is not only small compared to northern WA, but also melts earlier (Fig. 6) , leaving deep 473 groundwater as the only source of late season streamflow. These groundwater-dominated 474 landscapes in effect "remember" changes in climate as reflected in either the magnitude or 475 timing of recharge in the winter or spring, resulting in higher sensitivity of late-season 476 streamflow. 477
In contrast, much of northern WA is sensitive not because of low k but because of higher I R or I M 478 and late t R and t M . The I M is higher in much of this region and melts later during the year (Fig. 6 ), 479 contributing a substantial portion of the late season streamflow. If the climate changes so that 480 less snow accumulates and snowmelt occurs earlier in spring, the corresponding changes in 481 recharge timing and magnitude are reflected in late summer streamflow, which relies almost 482 exclusively on snowmelt in this region. 483
The hydrogeologic sensitivities (Fig. 8) respectively. We then calculated late summer streamflow at the beginning of July, August, and 497
September using the change in I M and t M values separately (Fig. 9) . Only 7% of the region 498 showed a decline in September under both the I M (Fig. 9a) and t M (Fig. 9b) scenarios. Relative changes (%) in 506 streamflow were calculated after normalizing the absolute change by the peak snowmelt recharge 507 (I M ) as a proxy for Q 0 . In the absence of spatially distributed observed streamflow data, we 508 utilized the peak recharge as a proxy for available water in the streams at the start of the 509 recession. In general, areas showing greater absolute change also showed greater relative change 510 (Fig. 9a, 9b) . 511
This disparity between absolute and relative change across the landscape illustrates a key aspect 512 of interpreting sensitivity: our prediction of future streamflows reflects both the intrinsic 513 sensitivity of the landscape (as reflected in k and average historic climate) as well as changes in 514 snowpack between cooler and warmer years. Both factors affect the timing or magnitude of 515 recharge. Specifically, under our assumed scenario, the changes in I M and t M , are greater in 516 places with "warmer" snowpacks (Nolin and Daly, 2006) , such as the Cascades and other 517 mountain ranges that are closer to marine influence (e.g., Olympics, Fig. 1B ). In these areas, 518 small temperature changes directly affect the total proportion of snow to precipitation. In 519 contrast, colder snowpack areas such as the Harney and Great Basins, Payette, and Walla Walla 520 Plateau (Fig. 1b) are less sensitive to temperature changes. The net effect to streamflow is that 521 some regions (e.g. Northern Cascades, Fig. 1B ) experience both more vulnerable snowpack and 522 more sensitive landscapes (i.e. lower k values). This is reflected in both a greater absolute and 523 relative change (Fig. 9) . The drier eastern portions of the study region, in contrast, have lower 524 absolute change because their snowpacks are relatively insensitive to warming, and k values are 525 higher. 526
Management Applications
527
A central goal in developing this spatially-explicit, analytical framework was to help resource 528 managers, such as the US Forest Service (USFS), evaluate vulnerabilities of key resources to 529 changing summer streamflows, and develop and implement adaption strategies to reduce 530 potential impacts. While such strategies may introduce some new activities (e.g., facilitated 531 migration of species, mulching forests) (Grant et al., 2013), we expect that most will involve 532 adjustments in the location, timing, and scope of current actions or modification of their site-533 specific designs. 534
To explore this, we consider how this type of spatial analysis might inform management of 535 National Forest lands in the Pacific Northwest. National Forests comprise a particularly large 536 fraction of the region (nearly 27 % of OR and WA) and support diverse, valuable, and climate-537 sensitive resources. The largest changes in summer streamflows are expected to occur on these 538 forest lands, which may affect and alter numerous forest management activities. Such activities 539 include timber harvest and fuels management, watershed restoration, resource assessment and 540 monitoring, and construction and operation of dams, water diversions, roads, and recreational 541 facilities. 542
Watershed restoration is currently a major focus for the USFS (Potyondy and Geier, 2011). 543
Much of this work in the Pacific Northwest is directed towards maintaining or improving water 544 quality and aquatic habitats for salmon and other cold water biota, as directed by the Northwest 545
Forest Plan and other forest plans in the region. Common restoration actions include removal of 546 physical barriers in streams (e.g., poorly designed culverts), road improvements and 547 decommissioning, improved livestock management, reconstruction of stream channels and 548 floodplains, restoration of riparian vegetation and streamflows, decommissioning or alteration of 549 dams and water diversions, and enhancement of instream habitats via additions of wood, 550 boulders, and nutrients (Roni et al., 2002) . 551
Implementing these restoration projects in a 'climate informed' way is critical, as changes in 552 summer streamflows and other habitat components (e.g., stream thermal regimes) may 553 significantly influence their effectiveness (Battin et al., 2007) . This can be accomplished by 554 integrating assessment products like the one presented here into existing strategic planning and 555 project design processes. For example, to maximize the effectiveness of its restoration program, 556 the USFS is currently focusing investments in 'priority watersheds' based on assessments of 557 non-climatic stressors and other factors (Watershed Condition Framework at 558 http://www.fs.fed.us/publications/watershed/). In the PNW, those watersheds where the greatest 559 ecological gains can be achieved with the least funding have typically been selected as priorities. 560
In general, such areas have high ecological values (e.g., high biodiversity, rare or legally 561 protected species), mild to modest levels of non-climatic impacts (e.g., water diversions, water 562 quality problems, altered stream habitats), high sensitivities to those impacts (e.g., cold water 563 biota with narrow thermal tolerances), and significant opportunities for restoration (e.g., 564
important and technically-solvable problems, sufficient financial resources and workforce 565 capacity, community support, few legal barriers). 566
This sensitivity assessment provides an opportunity to consider an additional factor in the 567 priority-setting: climate-induced changes in summer streamflow. In many cases, such changes 568 may not alter priority areas selected for restoration. For example, current priority watersheds 569 may remain priorities after consideration of climate change information (Fig. 10) . In others, 570
however, likely climate impacts may shift emphasis away from some watersheds and towards 571 others. For example, watersheds with large projected changes in summer streamflows and water 572 resources highly sensitive to those changes may be considered a lower restoration priority if 573 restoration treatments are unlikely to address the cumulative effects of both climatic and non-574 climatic impacts or if the cost of those treatments greatly exceed available funding (i.e., adaptive 575 capacity is limited). Conversely, the relative priority of other watersheds may increase in cases 576 where significant climate impacts are expected, but managing both climatic and non-climatic 577 impacts is deemed technically, socially, and financially achievable (Fig. 10) . 578
Moreover, this analysis could influence the type, intensity, location, or timing of restoration 579 actions considered necessary to sustain critical resources in priority watersheds, both at a 580 watershed and project scale. The prospect of late-season streamflow change in some portions of 581 the watershed could lead to redesign of water diversions, proactive efforts to reduce stream 582 temperatures, re-thinking low-flow channel dimensions for fish passage and stream channel 583 reconstruction projects, and reconsideration of what riparian species are likely to survive into the 584 future (Fig. 10) . 585
Conclusions
586
Our results provide a hydrogeologic framework to identify watersheds most and least vulnerable 587 to summer streamflow changes. This method reveals landscape level patterns and their 588 relationship to topographic, geologic and climatic controls, and can be applied to interpret the 589 effects of any climate change scenario of interest. As such, we believe the sensitivity maps 590 represent a robust, scalable tool that can be used in climate change assessment and adaptation in 591 both gaged and ungauged basins. 592
Lack of geologic (i.e., aquifer permeability) and snowmelt information at appropriate spatial 593 scales and accuracies to predict drainage efficiency and peak recharge magnitude and timing is a 594 challenge. For example, aquifer permeability used for OR and WA at the scale of 1:500,000 595 reflects far less spatial heterogeneity and it is unclear how a finer scale (i.e., 1:100,000) 596 permeability or geology map would influence k. Similarly, we relied on simulated historic 597 snowmelt data at 1/16 and 1/8 degree grid resolution due to the absence of long-term, spatially-598 distributed measurements. It is unclear how the changes in temperature and precipitation will 599 affect or assumption to approximate the peak discharge with recharge. As the climate continues 600 to warm, the time lag between recharge and streamflow ( Fig. 3 ) in rain and snow dominated 601 watersheds will likely shift. More rain instead of snow will also alter the dominant recharge 602 regime (Fig., 5b) and eventually the streamflow sensitivities. Also, this sensitivity analysis 603 should be applied carefully in places where subsurface groundwater exchange or summer 604 evapotranspiration dominate summer streamflow regime. As finer-resolution data on both 605 geological and climatic factors becomes available, this approach can be refined to capture new 606 information. 607
More broadly, we recognize that this approach does not yield the specific streamflow values or 608 future hydrographs of the current generation of hydrologic models. There are many applications 609 where having a spatio-temporal prediction of how much water is present would be quite useful. 610
Beyond the uncertainty in both our approach and streamflow modeling, each method has 611 strengths and limitations. The spatial map of sensitivity reveals broad landscape patterns and is 612 applicable where data, time, or cost limit applying a more sophisticated hydrologic model. 613
Hydrologic models give detailed predictions, but may not always illuminate underlying 614 mechanisms or provide sound future predictions. Both approaches have their place. Although our 615 results are independent of GCM predictions, the two approaches are not necessarily mutually 616 exclusive. New CMIP5 high resolution, terrain sensitive model predictions could be incorporated 617 into this framework. . 618
Predicting future streamflows is an uncertain task at best, but is essential to address a rapidly 619 changing environment. The "bottom up" approach described here is intended to complement 620 other "top down" approaches involving sophisticated and coupled climate and hydrologic 621 models. These spatial maps based on simple theory and supported by empirical data represent 622 spatially-explicit hypotheses about how streamflow is expected to respond to climate changes in 623 the future. Other more complex approaches also yield spatially-explict hypotheses in the form of 624 future hydrographs. We can now compare these two approaches, highlight their strengths and 625 limitations, and integrate knowledge from each to guide managers and communities in facing the 626 uncertain future of water resources in the Pacific Northwest and beyond. 627 Figure 5B: Study domain discretized between rain (R; green), transitional snow zone (TSZ;  867 blue), and seasonal snow zone (SSZ; gray) based on Nov-Jan average wet day air temperature. 868
Areas in the TSZ with a snow to precipitation ratio (Sf) >10% are shaded with light blue. 869 the intrinsic sensitivities to changes in peak snowmelt magnitude (Fig. 8) ; and 2) a scenario 879 similar to the differences experienced between a warm, dry year (2003, El Niño) and a cool, wet 880 year (2011, La Niña). Gray areas are rain dominated recharge and were excluded from this 881 analysis. 882 Figure 9B : Predicted decline in streamflow in absolute (i) and relative (ii) terms, based on: 1) 883 the intrinsic sensitivities to changes in peak snowmelt timing (Fig. 8) ; and 2) a scenario similar 884 to the difference experienced between a warm, dry year (2003, El Niño) and a cool, wet year 885 (2011, La Niña). Gray areas are rain dominated recharge and were excluded from this analysis. 886 
